Abstract: Hybrid organic-inorganic halide perovskites with the prototype material of CH 3 NH 3 PbI 3 have recently attracted intense interest as low-cost and high-performance photovoltaic absorbers. Despite the high power conversion efficiency exceeding 20% achieved by their solar cells, two key issues -the poor device stabilities associated with their intrinsic material instability and the toxicity due to water soluble Pb 2+ -need to be resolved before large-scale commercialization. Here, we address these issues by exploiting the strategy of cation-transmutation to design stable inorganic Pb-free halide perovskites for solar cells. The idea is to convert two divalent Pb 2+ ions into one monovalent M + and one trivalent M 3+ ions, forming a rich class of quaternary halides in double-perovskite structure. We find through first-principles calculations this class of materials have good phase stability against decomposition and wide-range tunable optoelectronic properties. With photovoltaic-functionality-directed materials screening, we identify eleven optimal materials with intrinsic thermodynamic stability, suitable band gaps, small carrier effective masses, and low excitons binding energies as promising candidates to replace Pb-based photovoltaic absorbers in perovskite solar cells. The chemical trends of phase stabilities and electronic properties are also established for this class of materials, offering useful guidance for the development of perovskite solar cells fabricated with them.
Introduction
Hybrid organic-inorganic halide perovskites with a chemical formula of AM IV X VII 3 , where A represents a small monovalent organic molecule, M IV is a divalent group-IVA cation and X VII is a halogen anion, have recently attracted a tremendous amount of attention in the photovoltaic community. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Current record power conversion efficiency (PCE) of solar cells based on them has been boosted from initial value of 3.8%, 8 step by step, 16, 17, 5, [18] [19] [20] [21] to current 22.1%. 22 During this process the breakthrough step is the first solid-state perovskite solar cell designed by Kim et al. yielding the PCE exceeding 9%, 16 which triggered significant perovskite solar cell research activities and made PCEs dramatically enhanced within only shortly seven years. Such a rapid progress far surpasses the cases of many conventional thin film solar cells (i.e., fabricated with crystalline Si, CdTe, Cu(In,Ga)Se 2 , etc.) that achieved similar PCEs after decades of efforts. The high PCE of halide perovskites originates from their correlative intrinsic material properties, including suitable band gaps and high threshold light absorption, 23, 24 defect-tolerant feature, [25] [26] [27] [28] [29] ultra-long carrier diffusion length, 9 low exciton binding energy, 30, 31 balanced electron and hole mobility, 32, 33 etc. These unique properties, accompanying with the low-cost solutionbased fabrication routes, make them ideal candidates as newgeneration photovoltaic absorbers.
Despite enormous success of AM IV X VII 3 perovskites in solar cell applications, challenges are still standing in their way to large-scale commercial applications. The first serious issue is their poor long-term device stability, especially under heat and humidity conditions, which could be partially attributed to the intrinsic thermodynamic instability of AM IV X VII 3 . [34] [35] [36] While the underlying mechanism remain unclear, it is likely because of the organic cations involved that correspond to rather loose chemical bonding, and their inherent instability. 3, 37, 38 Experimentally, it has been demonstrated that mixing a small amount of inorganic cations such as Cs + with methylammonium (CH 3 To eliminate the toxic Pb, while the straightforward idea is considering other divalent cations beyond group-IVA elements, it turns out that the choice is limited and the resulting compounds have poor optoelectronic properties for solar cells (e.g., too large band gaps and heavy carrier effective masses). [48] [49] [50] [51] [52] [56] [57] [58] [59] [60] but never considered for photovoltaic applications. Only until quite recently proposals of using Cs 2 AgBiCl 6 and Cs 2 AgBiBr 6 as potential solar absorbers were put forward. [61] [62] [63] Though exhibiting good stability when exposed to air, neither of them show superior photovoltaic performance due to their indirect band-gap feature and large gap values (above 2 eV). 61, 63, 64 Given the fact that the group of quaternary A 2 , and X = F -/Cl -/Br -/I -. As summarized in Figure 1a , in total there are 64 candidate compounds considered, of which only Cs 2 AgBiCl 6 , Cs 2 AgBiBr 6 , Cs 2 NaBiCl 6 , and Cs 2 KBiCl 6 were experimentally synthesized. [56] [57] [58] [59] [60] [61] [62] [63] [64] Our results indicate that most of the materials in this family have phase stability against decomposition and show flexible tunability of optoelectronic properties with band gaps in the range from infrared to ultraviolet. Through photovoltaicfunctionality-directed materials screening, we have identified 11 optimal compounds as promising Pb-free photovoltaic absorbers, as depicted in Figure 1b 
Computational Methods
Our first-principles calculations were performed within the framework of density-functional theory (DFT) using the plane-wave pseudopotential approach as implemented in the VASP code. 65, 66 The electron-core interactions are described with the frozen-core projected augmented wave pseudopotentials. 67 We use the generalized gradient approximation formulated by Perdew, Burke, and Ernzerhof (PBE) 68 as the exchange-correlation functional. The equilibrium structural parameters (including both lattice parameters and internal coordinates) of each candidate material are obtained by total energy minimization via the conjugate-gradient algorithm. The kinetic energy cutoffs for the plane-wave basis set are optimized to ensure the residual forces on atoms converged to below 0.0002 eV/Å. The k-point meshes with grid spacing of 2π×0.025 Å -1 or less is used for electronic Brillouin zone integration. The electronic structures and optical absorption spectra are calculated by taking into account of the spin-orbit coupling (SOC) effect, with the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional 69 remedying the underestimation of band gaps in common DFT-PBE calculations. Figure S1 in the Supporting Information) also indicates reasonably well agreement on absorption edges and relative intensities. Harmonic phonon spectrum is calculated with a finite-difference supercell approach, 70 and roomtemperature phonon spectrum is obtained by taking into account anharmonic phonon-phonon interaction with a selfconsistent ab initio lattice dynamical method. 71 To give an evaluation of photovoltaic performance of the selected optimal materials, the theoretical maximum solar cell efficiency, i.e., -spectroscopic limited maximum efficiency (SLME)‖ 72,73 is calculated. Creation of calculation workflows, management of large amounts of calculations, extraction of calculated results, and post-processing analysis are performed by using an opensource Python framework designed for large-scale highthroughput energetic and property calculations, the Jilin University Materials-design Python Package (Jump 2 , to be released soon). More details on calculations of photovoltaicrelevant properties are depicted in Supporting Information. and M 3+ X VII 6 alternating along the three crystallographic axes and forming the rock-salt type ordering. This arrangement agrees with the structure type determined by the X-ray diffraction experiments. 61, 74 The decrease of total energies from the configuration A to the F can be understood from the variation of electrostatic energies among M + and M 3+ cations, which show generally the same trend (as in Table S2 of Supporting Information). It is worth mentioning that other metastable configurations, especially D and E, may exist at finite temperatures, since their energies are only slightly higher (by less than 30 meV/atom than the ground-state F). We find that different arrangements of M perovskites. This phenomenon is worth further study. In the remaining, we focus on the most stable configuration -the ordered double-perovskite structure. To evaluate the crystallographic stability of materials in the perovskite structure, two empirical quantities in the framework of the idealized solid-sphere model, the Goldschmidt tolerance factor t and the octahedral factor μ, are usually considered. Previous statistic analysis of all the existing halide perovskites indicate that formability of perovskites requires 0.44 < μ < 0.90 and 0.81 < t < 1.11. 75 In the current double-perovskite A 2 M + M 3+ X VII 6 , one can define the effective t eff and μ eff as follows:
and
where [61] [62] [63] 76 In particular, we calculate the decomposition enthalpy defined as
i.e., the energy difference between the decomposed binary products and the A 2 (Figure 3c , see also below). Walking from fluorides, chlorides, bromides, to iodides, the X VII -p orbitals become higher in energy, resulting in raised VBM and thus reduced band gaps. Due to the Mass-Darwin relativistic effect, the Bi-6s orbital is lower in energy than the Sb-5s orbital, giving rise to the lower VBM and the larger band gaps in Bi-contained materials. This situation could reverse when M + belongs to group IB or group IIIA elements (Figure 3a) , because in these systems the VBM may be no longer purely derived from the anti-bonding hybridization between Bi/Sb-s and X VII -p, and the strong p-d coupling (for group IB elements) and p-s coupling (for group IIIA elements) play critical roles. Figure 3c VII -p orbitals. However, due to the reduced symmetry of double perovskites (i.e., the p-s hybridization between Na and Cl being absent), the p-s coupling at the W and X points is larger than that at the Γ point. Consequently, the VBM is located at the W rather than Γ point (left of Figure 3b) , giving a large indirect band gap of above 3.0 eV in Cs 2 NaBiCl 6 . This result is in accord with the reported value of hybrid double perovskite (CH 3 Figure 3b ) is quite similar to those of APbX VII 3 . 24, 25, 55 The VBM is located at the zonecenter Γ point because of absence of the electronic symmetry reduction in the above type-I and II cases. The band gap is thus direct. The VBM derives predominately from the antibonding state of In-s and Cl-p orbitals due to the higher energy of In-s orbital than that of Bi-s orbital, and the CBM is composed of Bi-p, In-p and Cl-p states (right of Figure 3c ). Both the VBM and the CBM (located at Γ) have large band dispersion. This corresponds to quite small carrier effective masses (0.39 and 0.17 m 0 for electron and hole, respectively, according to our calculations) and strongly delocalized band-edge wave-functions, which are good for carrier extraction. With M + moving from In to Tl, because of the lower energy of Tl-6s than In-5s and the larger atomic size of Tl than In, the s-p coupling in Tl-contained systems is largely reduced compared to that in In-contained systems. As a result, the VBMs are lowered and the band gaps of Tl-contained systems show substantial increase (Figure 3a ).
Chemical trends of electronic properties and classification of subtypes for

Combinatory materials screening of potentially highphotovoltaic-performance perovskites
With the data of phase stability and electronic property for all the considered A 2 M + M 3+ X VII 6 perovskites in hand, we resort to combinatory materials screening process to identify the potentially superior solar absorbers by considering the general requirements of photovoltaic functionality. This is done in terms of the following four criterions: (i) good thermodynamic stability -the positive decomposition enthalpy, (ii) high light absorption efficiency -the band gap sitting in the range of 0.8-2.0 eV, (iii) beneficial for ambipolar carriers conduction and efficient carriers extraction -both electron and hole effective masses smaller than 1.0 m 0 , (iv) fast photoninduced carrier dissociation -small exciton binding energy (< 100 meV). Our thorough screening process is depicted in Figure 1b with the explicit data summarized in (Figure 4a ). Note that the indirectgap features of solar absorbers are known to be beneficial for low carrier recombination rates and thus long minority carrier diffusion lengths. perovskites, Cs 2 InSbCl 6 and Cs 2 InBiCl 6 have the band gap values of 1.02 and 0.91 eV, similar to that of silicon (1.14 eV), but in the direct nature, making them ideal candidates as highperformance solar absorbers. As shown in Figure 4a , they exhibit large intensity of band-edge optical transitions. This can be attributed to the strong intra-atomic In-s to In-p transition as well as inter-atomic Cl-p to In-p and Sb/Bi-p transitions with high joint density of states like the situation in the APbX VII 3 case. 24 Figure 4b shows our calculated SLME We further examine the dynamic phonon stability for two best-of-class compounds Cs 2 InSbCl 6 and Cs 2 InBiCl 6 . The results are shown in Figure S3 of Supporting Information. We find that the harmonic phonon spectra of Cs 2 InBiCl 6 and Cs 2 InSbCl 6 (at 0 K) show substantial imaginary optical modes (black lines in Figure S3a and S3b). However when we take into account phonon-phonon interaction (anharmonic effect) at room temperature (300 K), 71 all the imaginary phonons disappear (red lines in Figure S3a and , it is reasonably conjectured that similar defect-tolerant feature might be to some extent at play here. Taking Cs 2 InSbCl 6 and Cs 2 InBiCl 6 as instances, the easily formed p-type defects V Sb/Bi and V In are expected to be shallow by consideration of the anti-bonding (between In + /Bi 3+ -s and Cl-p orbitals) feature of valence bands; the most likely n-type defects Cs i and V Cl might be shallow as well due to rather strong ionic bonding of this family of materials. 25 Finally, we note that two best-of-class compounds Cs 2 InSbCl 6 and Cs 2 InBiCl 6 are distinct in structure, electronic and optoelectronic properties from other Bi-containing perovskites such as MA 3 Bi 2 I 9 and Cs 3 Bi 2 I 9 82 . MA 3 Bi 2 I 9 /Cs 3 Bi 2 I 9 has a crystal structure composed of isolated face-shared BiI 6 octahedra, different with the standard perovskite structure of MAPbI 3 formed in three-dimensional corner-shared PbI 6 octahedra framework. As the result, they have an oversized, indirect band gap of more than 2.0 eV, giving low conversion efficiencies merely up to ~1%. 82 In contrast, Cs 2 InBiCl 6 and Cs 2 InSbCl 6 have quite similar electronic band structures as MAPbI 3 , because of the same underlying perovskite structure, the isoelectronic feature and the octahedral B site occupied by the cations all with lone pair s states. This is clearly indicated by the direct comparison of band structure between Cs 2 InBiCl 6 /Cs 2 InSbCl 6 and Cs 2 Pb 2 Cl 6 (an equivalent of MAPbI 3 ) as shown in Figure S5 of Supporting Information. The electronic and optoelectronic properties of Cs 2 InBiCl 6 and Cs 2 InSbCl 6 resembling those of MAPbI 3 promises their high solar cell conversion efficiencies.
Conclusions
In summary, we have exploited the idea of cation- 82, 83 Our work offers a promising routine for development of halide perovskite absorbers with the ns 2 np 0 ions to eliminate toxic Pb in perovskite solar cells. Experimental efforts to synthesize our designed materials with potentially superior photovoltaic performance are strongly called for.
Supporting Information
More detailed computational procedures, comparison between calculated and experimental data for existing 
Computational Details
Band Gap: The DFT calculations are known to seriously underestimate the electronic band gap that is a critical quantity determining photovoltaic performance of materials. To remedy this problem, we employ the HSE hybrid functional containing the standard 25% of the exact Fock exchange to reduce the self-interaction error and reach correct gap values. The SOC effect, which plays critical role in determining electronic structures of the compounds containing heavy elements such as Bi/Sb, is included. Considering the heavy computational cost of HSE+SOC calculations for a large number of candidate compounds for materials screening, we adopt the following compromised approach: firstly we use the PBE+SOC calculations (in dense enough k-point meshes, with grid spacing of 2π×0. where μ* is the reduced exciton mass (i.e. 1/μ*=1/m e +1/m h ), R y is the atomic Rydberg energy, and ε r is the relative dielectric constant. The high-frequency limit of dielectric constant (ε ∞ ) caused by electronic polarization, is taken as ε r ; the resulted E b describes the excitons generated immediately after photon excitation (without lattice polarization process involved).
Phonon spectrum: The harmonic phonon spectrum is calculated from second-order interatomic force constants obtained by using the real-space finite-difference supercell approach implemented in Phonopy code. 4 We take the 2×2×2 supercell of the primitive lattice of the double-perovskite Fm-3m structure. The k-point mesh with grid spacing of 2π×0.03 Å -1 is used for electronic Brillouin zone integration. The room-temperature phonon spectrum is obtained by taking into account anharmonic phonon-phonon interaction with a self-consistent ab initio lattice dynamical (SCAILD) method. 5 This is done via calculating the phonon frequencies renormalization induced by phonon entropy, i.e., the geometric disorder introduced by several frozen phonons simultaneously presenting in the simulated supercell. The SCAILD method alternates between creating atomic displacements in terms of phonon frequencies and evaluating phonon frequencies from calculated forces acting on the displaced atoms. The self-consistent cycle was terminated when the difference in the approximate free energy between two consecutive iterations is less than 1 meV. Calculations are performed at constant volume with thermal expansion effect ignored. 
Spectroscopic limited maximum efficiency:
The maximum solar cell efficiency is simulated through calculating spectroscopic limited maximum efficiency (SLME) based on the improved Shockley-Queisser model.
The SLME of a material takes into account the band gap size, the band gap type (direct versus indirect), and the optical absorption spectrum, all of which can be obtained from reliable first principles calculations. The calculation of radiative and non-radiative recombination current is based on detailed balance theory using the energy difference between the minimum band gap and direct-allowed gap as the input. The detailed calculation procedure was described elsewhere. 7, 8 The simulation is performed under the standard AM1.5G solar spectrum at room temperature. perovskites for materials screening. The optimal winning compounds satisfying all the criterions of the screening ).
